In this study, we investigated the mechanisms of protein kinase B (PKB) activation and its role in cumulus cells during in vitro meiotic resumption of porcine oocytes. PKB activity in cumulus cells was significantly decreased by 12 h cultivation of cumulus-oocyte complexes (COCs) in basic medium. However, the addition of phosphodiesterase inhibitors, hypoxanthine or 3-isobutyl-1-methylxanthine, maintained the level of PKB activity in cumulus cells at comparable with that in cumulus cells just after collection from their follicles. When COCs were cultured with phosphatidylinositol 3-kinase (PI 3-kinase) inhibitor, LY294002, PKB activity was significantly decreased, and both caspase 3 activity and the proportion of apoptotic cells were significantly increased as compared with those in cumulus cells just after collection from their follicles. Moreover, the inhibitory effect of hypoxanthine on spontaneous meiotic resumption was overcome by addition of LY294002. On the other hand, markedly high activity of PKB and high intensity of the phosphorylated PKB band were observed in cumulus cells of COCs which were cultured with FSH. The addition of 20 µM LY294002 to FSH-containing medium induced an apoptosis of cumulus cells, whereas little apoptotic-positive signal was detected in COCs cultured with 5 µM LY294002 and FSH. However, the inhibitory effects of LY294002 on progesterone production by cumulus cells and germinal vesicle breakdown in oocytes reached a maximum at 5 µM. Thus, high activity of the PI 3-kinase-PKB pathway in cumulus cells plays an important role in FSH regulation of cell function. Judging from these results, it is estimated that PI 3-kinase in cumulus cells is required for both the suppression of spontaneous meiotic resumption and the induction of gonadotropin-stimulated meiotic resumption.
Introduction
Hypoxanthine was present in ovarian follicular fluid from pigs, and suppressed spontaneous maturation of cumulusenclosed oocytes (Downs et al. 1985 , Miyano et al. 1995 . It has been reported that hypoxanthine maintains meiosisarresting levels of cAMP by inhibiting cAMP phosphodiesterase activity in mouse oocytes (Downs et al. 1989) . In denuded oocytes, hypoxanthine also decreased the rate of germinal vesicle breakdown (GVBD); however, a much greater amount of hypoxanthine was required to inhibit GVBD than in cumulus-enclosed oocytes . Additionally, cAMP which was synthesized in cumulus cells was transported into oocytes via numerous gap junctions (Downs & Eppig 1984 , Downs et al. 1986 , Shimada & Terada 2002a . These reports suggested that in cumulus-oocyte complexes (COCs), hypoxanthine suppressed cAMP phosphodiesterase activity in both cumulus cells and oocytes, and cAMP was transferred from cumulus cells into oocytes via gap junctions. cAMP in cumulus-enclosed oocytes accumulated more in comparison with that in denuded oocytes, indicating that cAMP synthesized in cumulus cells played an important role in suppression of spontaneous maturation in cumulusenclosed oocytes.
The addition of follicle-stimulating hormone (FSH) and luteinizing hormone (LH) to maturation medium produced a high level of cAMP in the cumulus cells surrounding sheep oocytes within 1 h of the initiation of maturation (Moor & Heslop 1981) . Since a high amount of cAMP was transferred into oocytes, the level of cAMP in porcine oocytes cultured at 8 h was significantly higher than that in oocytes just after collection from their follicles (Shimada & Terada 2002a) . The high concentration of cAMP in oocytes was significantly reduced by the loss of gapjunctional communication between cumulus cells, inducing meiotic resumption of oocytes (Downs & Eppig 1984 , Mattioli et al. 1994 , Isobe et al. 1996 . We have already shown that the loss of gap-junctional communication in cumulus cells is caused by the action of the binding of progesterone to its receptor (Shimada & Terada 2002b) . The progesterone production in cumulus cells was dependent on the cAMP level in the cells (Racowsky 1985) . These results indicated that the high level of cAMP in cumulus cells produced the large amount of progesterone, which induced a loss of gap-junctional communication; these changes resulted in a decrease of cAMP in oocytes and then accelerated GVBD in porcine oocytes. Thus, cAMP in cumulus cells was related to both a suppression of spontaneous meiotic resumption and an induction of gonadotropin-stimulated meiotic resumption. We estimated that the changes of nuclear status in oocytes might be regulated by a dose of cAMP in cumulus cells; however, there was little information to describe the critical role of cAMP in cumulus cells.
Recently, Gonzalez-Robayna et al. (2000) have shown that in granulosa cells FSH increases protein kinase B (PKB) phosphorylation and activation in a way that is cAMP-dependent and phsophatidylinositol 3-kinase (PI 3-kinase)-dependent. In rat sertoli cell, the PI 3-kinase-PKB pathway was related to FSH regulation of cell functions (Meroni et al. 2002) . Wang et al. (2002) reported that the PI 3-kinase-PKB pathway also played a role in FSH-stimulated X-linked inhibitor of apoptosis expression, which suppressed the induction of apoptosis in rat granulosa cells. As mentioned before, we have already demonstrated that the inhibition of PI 3-kinase activity by LY294002 in cumulus cells interferes with the gonadotropin-stimulated meiotic resumption of porcine oocytes . However, the possibilities that PKB which is downstream of PI 3-kinase in cumulus cells is activated during meiotic resumption of oocytes, and activation of the PI 3-kinase-PKB pathway is induced by the elevation of cAMP level, have not yet been examined. In addition, there is little information about the role of the PI 3-kinase-PKB pathway in FSH regulation of function and cell survival of cumulus cells during meiotic resumption of oocytes.
In this study, we investigated the time-dependent changes of PKB activity in cumulus cells of COCs and the relationship between PKB activity, phosphorylation of PKB and cAMP level in cumulus cells. Additionally, to study the role of PI 3-kinase-PKB pathway activity which was downstream of cAMP in cell survival of cumulus cells, we analyzed caspase 3 activity in cumulus cells and the proportion of apoptotic cells which was detected by a terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick end labeling (TUNEL) method. Moreover, the effects of FSH-induced high activity of PKB which was dependent on a large amount of cAMP, on cumulus cell functions and oocyte meiotic resumption were also examined.
Materials and Methods

Isolation and culture of porcine COCs
Isolation of porcine COCs was described previously . Briefly, porcine ovaries were collected from 5-to 7-month-old prepubertal gilts at a local slaughterhouse. Oocytes were collected with a surgical blade from the surfaces of intact healthy antral follicles measuring 3-5 mm in diameter. Oocytes having evenly granulated cytoplasm with at least four layers of unexpanded cumulus oophorus cells were selected and were washed three times with maturation medium. The basic medium was modified NCSU37 (Petters & Reed 1991) with 0·3% (w/v) polyvinylpyrrolidone (Sigma, St Louis, MO, USA) and 7 mM taurine (Sigma).
Twenty COCs were cultured in each well of a Nunc four-well multidish (Nunc, Roskilde, Denmark) containing 500 µl culture medium at 39 C in a humidified atmosphere of 5% CO 2 in air. Control experiments demonstrated that the osmolarity of cultures maintained under these conditions varied by <1% after 24 h.
Assessment of nuclear maturation
At the end of cultivation, COCs were mechanically denuded by pipetting in 0·1% (w/v) hyaluronidase (Sigma)/PBS with flame-drawn pipette tips, whose inner diameters were slightly larger than oocytes' diameters, then mounted on slides. The denuded oocytes were fixed with acetic acid/ethanol (1:3) for 48 h, and stained with aceto-lacmoid before examination under a phase-contrast microscope ( 400) for evaluation of their chromatin configuration.
Western blot analysis of PKB and phosphorylated PKB
Western blot analysis was based on the procedures reported in our previous study . After cultivation of COCs, cumulus cells were separated from the COCs. The cumulus cells were lysed in Laemmli sample buffer. After denaturing by boiling for 5 min, each 4 µl of protein sample was separated by SDS-PAGE on 12·5% polyacrylamide gel (Amersham Biosciences), then transferred onto PVDF membrane (Amersham Biosciences) using the PhastTransfer system (Amersham Biosciences). The membrane was blocked by 3% (w/v) non-fat dry milk (Amersham Biosciences), then incubated with either anti-PKB rabbit polyclonal antibody (Cell Signaling, Beverly, MA, USA), which allowed recognition of both non-phosphorylated and serinephosphorylated PKB, at 1:500 dilution or anti-phosphoserine PKB polyclonal antibody (Cell Signaling) at 1:1000 overnight at 4 C. After four washes in 0·1% (v/v) Tween 20 (Sigma)/PBS (T-PBS), the membranes were treated with horseradish peroxidase-labeled anti-rabbit IgG (1:1000) (Amersham Biosciences) for 1 h at room temperature. After four washes of 10 min each with T-PBS, peroxidase activity was visualized using the ECL Plus Western blotting detection system (Amersham Biosciences), according to the manufacturer's instructions. Each independent experiment was repeated three times.
In vitro PKB assay
A PKB assay kit (Cell Signaling) was used for measuring PKB activity in cumulus cells. Briefly, after cultivation of COCs, 1 10 5 cumulus cells were separated from the COCs and were lysed in 5 µl cell lysis buffer (20 mM Tris (pH 7·5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% (v/v) Triton X-100, 2·5 mM sodium pyrophosphate, 1 mM -glycerophosphate, 1 mM Na 3 VO 4 , 1 µg/ml leupeptin and 1 mM phenylmethanesulfonyl fluoride (Sigma)). Five microliters of cumulus cell extract (containing 1 10 4 cells) were mixed with 25 µl kinase assay buffer B (25 mM Tris (pH 7·5), 5 mMglycerophosphate, 2 mM dithiothreitol, 0·1 mM Na 3 VO 4 , and 10 mM MgCl 2 ), 0·1 mM ATP (Sigma) and 2 µg GSK3 fusion protein, corresponding to residues surrounding GSK3 / (Ser21/9), which was reported to be selectively phosphorylated by PKB (Cross et al. 1995) . After 30 min incubation at 30 C, the reaction was terminated by the addition of 10 µl 4 Laemmli sample buffer, and after boiling for 5 min the samples were subjected to 12·5% SDS-PAGE. The phosphorylation of GSK3 fusion protein was detected by immunoblotting and chemiluminescence detection using anti-phospho-specific GSK3 / (Ser21/9) antibody. Each independent experiment was repeated four times. Data are expressed as the fold strength of PKB activity in cumulus cells immediately after collection from their follicles.
Caspase 3 activity
Caspase 3 activity was measured using the CaspACE Assay System, Colorimetric (Promega, Madison, WI, USA) according to the manufacturer's instructions. Briefly, 5 10 5 cumulus cells were separated from COCs and centrifuged for 5 min at 1500 g. Cell pellets were resuspended in ice-cold cell lysis buffer and were lysed by freezing and thawing, and then were incubated on ice for 15 min. At the end of the incubation, cell lysates were centrifuged at 10 000 g for 20 min at 4 C to precipitate cellular debris. Supernatants were then incubated for 4 h at 37 C in the presence of 0·2 mM caspase 3 substrate (DEVD-pNA), and the OD was measured at 405 nm. Each independent experiment was repeated three times.
TUNEL analysis
Visualization of apoptotic cells (containing fragmented DNA) in chamber slides was performed by the TUNEL method (In Situ Cell Death Detection Kit; Roche Diagnostics GmbH, Mannheim, Germany). Briefly, the slides were incubated with 20 µg/ml proteinase K (Sigma) in 10 mM Tris-HCl, pH 7·4, at 37 C for 20 min. After washing with PBS for 5 min twice, the slides were incubated with TUNEL reaction mixture in a humidified chamber at 37 C for 60 min, followed by rinsing with PBS for 5 min three times. The slides were incubated with 2 µg/ml propidium iodide (Molecular Probes, Eugene, OR, USA) for 10 min and then were rinsed with PBS. The presence of TUNEL-positive signal in each cell was determined by fluorescence microscopy (Olympus IMT-2; Tokyo, Japan). As a negative control, fixed and permeabilized cells incubated with TUNEL reaction mixture without enzyme (TdT) were used.
Quantification of cAMP by HPLC-UV analysis
Quantification of cAMP by HPLC-UV was based on the procedures reported in our previous study (Shimada & Terada 2002a) . Cumulus cell extracts were separated using a reverse-phase Eicompak CA-5DS column (2·1 150 mm) (Eicom, Kyoto, Japan). The solvent delivery system (DP 8020; Tosoh, Tokyo, Japan) contained 97·2% (v/v) 0·01 M ammonium acetate (Nakalai, Kyoto, Japan) and 2·8% (v/v) acetonitrile (Nakalai), pH 6·7. The detection was performed at 254 nm using a UV detector (UV 8020; Tosoh); peak heights were measured using a computer integrator (Sic chromatocorder 11; Tosoh). cAMP (Sigma) was diluted in the assay buffer (100 µM) and kept frozen at 80 C. The standard solution was diluted in the assay buffer prior to analysis. The standard curve of cAMP for the determination of concentration was linear from zero to below 2 pmol. The intra-assay coefficient of variation (CV) in medium with 1 nm cAMP was 3·86%.
Quantification of progesterone in medium by HPLC-UV analysis
Quantification of progesterone by HPLC-UV was based on the procedures reported in our previous study (Shimada & Terada 2002b) . Briefly, the medium in which COCs had been cultured was collected into plastic tubes and centrifuged at 10 000 g for 20 min. Progesterone was extracted from the medium by 5 min mixing with 10 ml dichloromethane (Nakalai). After centrifugation, the 10 ml dichloromethane fraction was collected into a disposal tube and the solvent from this fraction was removed by vacuum extraction for 120 min at 5 C. Samples were reconstituted in 100 µl 50% (v/v) methanol solution.
The samples were separated using a reverse-phase CAPCELL PAK column (2·0 100 mm) (Shiseido, Tokyo, Japan). The solvent delivery system contained 50% (v/v) methanol solution. The detection of progesterone was performed at 240 nm using a UV detector and peak heights were measured using a computer integrator. The standard curve of progesterone for the determination of concentration was linear, from zero to 800 ng/ml. The intra-assay CV in medium with 100 ng/ml progesterone was 4·15%.
Statistical analysis
Statistical analyses of all data from three or four replicates for comparison were carried out by one-way ANOVA followed by Duncan's multiple ranges test using STATVIEW (Abacus Concepts, Inc., Berkeley, CA, USA). All percentage data were subjected to arc-sine transformation before statistical analysis. Values were considered to be significant when P<0·05.
Experimental design
In experiment 1, we examined the time-dependent changes of PKB activity in cumulus cells of COCs which were cultured with 20 ng/ml porcine FSH (NIDDK, Torrance, CA, USA).
Experiment 2 was undertaken to evaluate the role of cAMP in the activation of PKB and apoptosis in cumulus cells of COCs. COCs were cultured in basic medium with or without 2 mM hypoxanthine (Sigma), 0·5 mM 3-isobutyl-1-methylxanthine (IBMX) (Sigma), 1 µM forskolin (Sigma) or 20 ng/ml porcine FSH. After cultivation of COCs for 12 h, we analyzed the level of cAMP, PKB activity and caspase 3 activity in cumulus cells. Phosphorylated PKB in cumulus cells was detected by Western blot analysis, after COCs were cultured for 12 h with hypoxanthine or FSH. We also examined the signs of apoptosis in cumulus cells isolated from COCs which were cultured for 12 or 24 h.
In experiment 3, to study the dose-dependent effects of forskolin on apoptosis of cumulus cells, COCs were cultured with 0, 0·25, 0·5 or 1·0 µM forskolin for 12 or 24 h. After cultivation, we analyzed the level of cAMP in cumulus cells at the 12 h cultivation period, and the signs of apoptosis of cumulus cells by TUNEL at 24 h cultivation.
In experiment 4, the objective was to clarify the role of the PI 3-kinase-PKB pathway in cell survival and FSH regulation of function in cumulus cells. Some COCs were cultured in 2 mM hypoxanthine-containing medium supplemented with 0, 5 or 20 µM LY294002 for 12 or 24 h. Other COCs were cultured in FSH-containing medium supplemented with 0, 0·5, 5 or 20 µM LY294002. After cultivation of COCs, we analyzed the PKB activity, phosphorylated PKB level and caspase 3 activity in cumulus cells at the 12 h cultivation period, and the signs of apoptosis in cumulus cells by TUNEL at 24 h cultivation. The level of progesterone in the medium where COCs had been cultured for 24 h was also examined.
In experiment 5, the objective was to study the role of PI 3-kinase in cumulus cells in both a spontaneous resumption and a gonadotropin-stimulated meiotic resumption. Some COCs were cultured in 2 mM hypoxanthine-containing medium supplemented with 0, 5 or 20 µM LY294002 for 24 h. Other COCs were cultured for 24 h in FSH-containing medium supplemented with 0, 5 or 20 µM LY294002. After cultivation, the nuclear status of oocytes was examined.
Results
Experiment 1
The time-dependent changes of PKB activity in cumulus cells of COCs which were cultured with FSH are shown in Fig. 1 . The level of PKB activity in cumulus cells of COCs cultured for 8 h was significantly increased when compared with that in cumulus cells just after collection from their follicles. The higher kinase activity was sustained at up to 24 h cultivation. On the other hand, PKB activity could not be detected by this method in oocytes just after collection from their follicles and at up to 24 h cultivation.
Experiment 2
The level of cAMP in cumulus cells The level of cAMP in cumulus cells just after collection from their follicles was 0·38 0·14 pmol/1 10 4 cumulus cells (Fig.  2a) . After 12 h cultivation, the level of cAMP was maintained in cumulus cells of COCs which were cultured with hypoxanthine or IBMX, whereas a significant decrease of the level was detected in cumulus cells of COCs cultured in basic medium (Fig. 2a) . When COCs were cultured for 12 h with forskolin or FSH, the level of cAMP in cumulus cells was significantly higher than that in cumulus cells just after collection from their follicles (Fig. 2a) . 1 Data are expressed as the fold strength of PKB activity in cumulus cells just after collection from their follicles. *Significant difference (P<0·05).
Caspase 3 activity in cumulus cells
After 12 h cultivation of COCs in basic medium, significantly higher activity of caspase 3 was detected (Fig. 2b) . The addition of hypoxanthine significantly decreased the activity in cumulus cells; however, the activity was significantly higher than that in cumulus cells just after collection from their follicles (Fig. 2b) . The low activity of caspase 3 was observed in cumulus cells which were cultured with IBMX, forskolin or FSH (Fig. 2b) . The rates of caspase 3 activity were similar to those in cumulus cells just after collection from their follicles.
TUNEL analysis
The proportion of cumulus cells which showed signs of apoptosis (TUNEL-positive) are presented in Fig. 2c . Prior to culture, only 6·1 1·1% of cumulus cells showed signs of apoptosis. After culture of COCs for 12 h in all treatment groups, the proportion of apoptotic cells was less than 10%. However, this value rose significantly to 34·5 3·5% when COCs were cultured for 24 h in basic medium. The addition of hypoxanthine to basic medium significantly decreased it to 15·4 3·3%; however, this rate was significantly higher than that in cumulus cells just after collection from their follicles. In cumulus cells of COCs which were cultured with IBMX, forskolin or FSH, the proportion of apoptotic cells was comparable with that in cumulus cells just after collection from their follicles. (Fig. 2d ). When the basal cAMP level in cumulus cells was maintained by phosphodiesterase inhibitors, hypoxanthine or IBMX, PKB activity in cumulus cells was comparable with that in cumulus cells just after collection from their follicles (Fig. 2d) . The addition of forskolin or FSH to the medium, which significantly increased cAMP levels in cumulus cells, induced a significantly higher activity of PKB as compared with that in other treatment groups (Fig. 2d) .
PKB activity in cumulus cells PKB activity in cumulus cells was significantly decreased by 12 h cultivation of COCs in basic medium
Phosphorylated PKB level in cumulus cells
A low level of phosphorylated PKB in cumulus cells just after collection from their follicles was observed, whereas the intensity of the phosphorylated PKB band was below detectable level in cumulus cells of COCs cultured in basic medium for 12 h (Fig. 3) . The addition of hypoxanthine to the medium maintained the level of phosphorylated PKB at a level similar to that in cumulus cells just after collection from their follicles (Fig. 3) . A higher level of phosphorylated PKB in cumulus cells was observed when COCs were cultured with FSH for 12 h (Fig. 3) . Total PKB contents in cumulus cells were scarcely affected in treatment groups (Fig. 3) .
Experiment 3
The level of cAMP in cumulus cells from COCs which were cultured for 12 h was significantly increased by the addition of forskolin in a dose-dependent fashion (0 µM, 0·11 0·02 pmol/10 4 cells; 0·25 µM, 0·39 0·04 pmol/ 10 4 cells; 0·5 µM, 0·58 0·05 pmol/10 4 cells; 1·0 µM, 0·76 0·05 pmol/10 4 cells). The proportion of apoptotic cells in cumulus cells when COCs were cultured for 24 h was significantly decreased by increasing levels of forskolin (0 µM, 34·5 3·46%; 0·25 µM, 15·37 3·27%; 0·5 µM, 12·10 5·56%; 1·0 µM, 6·74 1·11%). The negative correlation between the level of cAMP in cumulus cells of COCs cultured for 12 h and the proportion of apoptotic cells in COCs cultured for 24 h was significant (r= 0·944, P<0·01).
Experiment 4
The addition of LY294002 significantly decreased the level of PKB activity in cumulus cells of COCs which were cultured in hypoxanthine-containing medium (Fig.  4a) . Concomitantly with a drop of PKB activity, the caspase 3 activity and proportion of apoptotic cells were significantly raised by increasing levels of LY294002 (Fig.  4b and c) . When COCs were cultured with FSH, the markedly high level of PKB activity was significantly decreased by LY294002 in a dose-dependent fashion, similar to that in COCs cultured with hypoxanthine (Fig.  4a) . However, the level in cumulus cells of COCs which were cultured in FSH-containing medium supplemented with 5 µM LY294002 was comparable with that of COCs cultured in hypoxanthine-containing medium without LY294002 (Fig. 4a) . The addition of 5 µM LY294002 to FSH-containing medium did not significantly affect either caspase 3 activity or the proportion of apoptotic cells (Fig.  4b and c) . However, both rates were significantly increased by the addition of 20 µM LY294002, which induced a significant decrease of PKB activity, as compared with that in cumulus cells cultured in hypoxanthine-containing medium without LY294002 (Fig. 4b and c) .
The level of phosphorylated PKB was reduced by the addition of 5 or 20 µM LY294002 to hypoxanthinecontaining medium (Fig. 5) . When COCs were cultured with FSH for 12 h, the addition of 5 µM LY294002 decreased the level of phosphorylated PKB, which was similar to that in cumulus cells of COCs cultured with hypoxanthine (Fig. 5) . The band of phosphorylated PKB was below the detectable level when COCs were cultured with FSH and 20 µM LY294002 (Fig. 5) .
A high level of progesterone in the culture medium was observed when COCs were cultured with FSH for 24 h (Fig. 6) . However, the level of progesterone was significantly decreased by increasing levels of LY294002 (Fig. 6) . The maximum effect was observed at 5 µM, and there is no significant difference in progesterone levels in the medium in which COCs had been cultured in FSHcontaining medium supplemented with between 5 and 20 µM LY294002 (Fig. 6) .
Experiment 5
After cultivation of COCs for 24 h in basic medium, over 50% of oocytes were undergoing GVBD (Fig. 7) . The addition of hypoxanthine significantly decreased the proportion of oocytes exhibiting GVBD, whereas the inhibitory effect on ongoing GVBD was overcome by addition of LY294002 (Fig. 7) . When COCs were cultured with FSH, a high rate of GVBD was observed (Fig. 7) . The addition of LY294002 to FSH-containing medium significantly suppressed ongoing GVBD in oocytes (Fig. 7) . There was no significant difference in GVBD rate between the 5 and 20 µM LY294002 treatment groups.
Discussion
The underlying process of follicle atresia is apoptosis, the genetically determined cell death of follicle cells (Hughes & Gorospe 1991 , Hsueh et al. 1994 , Isobe & Yoshimura 2000 . The expression of caspase 3 was up-regulated as part of the apoptotic process in rat granulosa cells (Flaws et al. 1995) . Among the executioner proteases, caspase 3 plays a direct role in proteolytic digestion of cellular proteins responsible for progression to apoptosis. Caspase 3 is synthesized as an inactive 32 kDa proenzyme that is activated after cleavage at specific aspartate sites (Cohen 1997 , Nicholson & Thornberry 1997 . In the present study, we showed that a high activity of caspase 3 was detected in cumulus cells when COCs were cultured for 12 h in basic medium. When the level of cAMP in cumulus cells was maintained by the addition of hypoxanthine at a level similar to that in cumulus cells just after collection from their follicles, the high activity of caspase 3 was significantly decreased. Moreover, a significant negative correlation between the level of cAMP in cumulus cells and the proportion of apoptotic cells was found. These results showed that the maintenance of cAMP levels in cumulus cells by phosphodiesterase inhibitor at a level similar to that in cumulus cells just after collection from their follicles prevented induction of apoptosis of cumulus cells.
In early antral follicles, FSH has been shown to be the major survival factor through the generation of cAMP (Chun et al. 1996) . The cAMP bound and activated protein kinase A (PKA), which was involved in cell survival of granulosa cells (Sirotkin & Makarevich 1999) . Recently, Wang et al. (2002) reported that FSH was involved in apoptosis suppression for granulosa cells through an activation of the PI 3-kinase-PKB pathway. It has also been shown that in granulosa cells FSH increases PKB phosphorylation and activation in a way that is cAMP-dependent and PI 3-kinase-dependent (GonzalezRobayna et al. 2000) . In the present study, the level of PKB activity in cumulus cells was maintained by phosphodiesterase inhibitor, and the addition of PI 3-kinase inhibitor, LY294002, to hypoxanthinecontaining medium increased both caspase 3 activity and the proportion of apoptotic cells. Thus, it is first reported that the maintenance of the basal level of cAMP, detected in cumulus cells just after collection from their follicles, is related to the maintenance of PKB activity, which also prevents induction of apoptosis as well as the cAMP-PKA pathway during in vitro maturation of porcine COCs.
When apoptosis of cumulus cells was induced by the addition of LY294002 to the hypoxanthine-containing medium, about 50% of oocytes were undergoing GVBD. The rate was not significantly different from that in oocytes which were cultured in basic medium. In atretic follicles, the rate of GVBD of oocytes was closely related to the degree of follicular atresia (Gougeon & Testart 1986 , Lefevre et al. 1988 . Moreover, it has been reported that cumulus cells synthesize some meiosis inhibitory factors transported into oocytes via numerous gap junctions, resulting in the suppression of meiotic resumption in oocytes (Downs & Eppig 1984 , Isobe et al. 1996 . These results suggested that the apoptosis of cumulus cells could decrease the synthesis of the inhibitory substance secreted by the cumulus cells, which induced spontaneous meiotic resumption of oocytes. Therefore, the maintenance of PI 3-kinase activity in cumulus cells by a cAMP-dependent pathway at a level similar to that in cumulus cells just after collection from their follicles was essential for the suppression of spontaneous maturation in cumulusenclosed oocytes.
In our previous study (Shimada et al. 1998 ), the addition of LY294002 to gonadotropin-containing medium interfered with the disappearance of gapjunctional protein connexin-43 in cumulus cells and meiotic resumption of porcine cumulus-enclosed oocytes. The results revealed that PI 3-kinase in cumulus cells also played an important role in gonadotropin-regulation of cell functions. The addition of FSH to the maturation medium has been reported to stimulate progesterone production in cumulus cells of COCs in human (Chian et al. 1999) and pig (Racowsky 1985) . Progesterone secreted by cumulus cells plays an important role in the loss of gap-junctional communication between cumulus cells, which caused the gonadotropin-induced meiotic resumption of porcine oocytes (Shimada & Terada 2002) . Although both PI 3-kinase and progesterone are involved in the gonadotropin-stimulated loss of gap-junctional communication in cumulus cells, there is no information on the relationship between PI 3-kinase and progesterone production in cumulus cells.
The present results show that markedly higher levels of PKB activity and phosphorylated PKB in cumulus cells, which were induced by FSH, were significantly decreased by 5 µM LY294002. Although little TUNEL-positive signal was detected in COCs cultured with 5 µM LY294002, the inhibitory effects of the addition of LY294002 to FSH-containing medium on progesterone production by COCs and GVBD in oocytes reached a maximum at 5 µM. Sekar & Veldhuis (2001) reported that the transcription of low-density lipoprotein (LDL) receptor gene was up-regulated by FSH stimulation through a PI 3-kinase-dependent pathway. Steroid hormones in the ovary are synthesized from cholesterol substrate, which could be derived by cellular uptake of LDL-associated sterol via LDL receptor (Miller 1988) . Judging from these results, we estimate that the high activity of the PI 3-kinase-PKB pathway up-regulated progesterone production, which overcame the effects of cumulus cellsynthesized factors on the meiotic arrest and then induced an acceleration of GVBD in porcine cumulus-enclosed oocytes.
In summary, the maintenance of the basal level of cAMP which was detected in cumulus cells just after collection from their follicles was required for the maintenance of PI 3-kinase-PKB activity, which protected against an induction of apoptosis during in vitro maturation of porcine COCs. The cell survival of cumulus cells was essential for the suppression of spontaneous maturation in cumulus-enclosed oocytes. On the other hand, FSH stimulated an increase of cAMP levels in cumulus cells which induced significantly higher PI 3-kinase-PKB activity. The markedly high activity was involved in progesterone production by cumulus cells. Since progesterone has been reported to accelerate meiotic resumption of porcine oocytes, the high activity of PI 3-kinase plays an important role in overcoming the inhibitory effects of cumulus cells on meiotic resumption of cumulus-enclosed oocytes. These results show that the PI 3-kinase-PKB pathway in cumulus cells has at least two important roles in oocytes meiosis; the low level of PKB activity similar to that in cumulus cells just after collection from their follicles was essential for meiotic arrest, and a markedly higher activity of PKB accelerated GVBD in oocytes via progesterone functions.
